The secondary structure of an adenovirus associated low molecular weight RNA (VAI-RNA) has been studied by partial digestion with Tl-RNase and Sl-endonuclease followed by Tl-fingerprint analysis. The empirical secondary structure has been compared with two computer generated models based on mimimal free energy of the structure. The results suggest that VAI-RNA in solution has a compact structure with a free energy of around -60 kcal with two stems and four bulge regions. The implication of this structure for the function of VAI-RNA is discussed.
INTRODUCTION
Two low molecular weight RNAs encoded in the adenovirus genome are synthesized during productive infection of adenoviruses in HeLa cells (1, 2, 3) . These two RNAs, VAI-RNA and VAII-RNA, are transcribed from the viral rstrand by the host cell RNA polymerase I I I (2, 4, 5) . The two genes map at position 29-31 on the adenovirus type 2 genome within the major late transcription unit for host RNA polymerase I I (1, 3) . The RNA nucleotide sequence of VAI-RNA has been determined (6, 7) . Recently the genomic sequences of both VAI-RNA and VAII-RNA and the spacer region between the genes became a v a i lable (8) . The combined sequence data suggest that there exists a stable base-pairing within these small RNA molecules. This paper reports an experimental approach to study the conformation of VAI-RNA in solution u t i l i z i n g hydrolysis by various nucleases under varying conditions. The results are also compared with the secondary structures generated by two different computer programs. The combined data allow us to suggest a plausible secondary structure of the VAI-RNA in solution.
MATERIALS AND METHODS

Isolation of
32 P04-1abeled VAI-RNA HeLa cells in suspension were infected with adenovirus type 2 (ad2) and labeled with 32 P04 in phosphate-free Eagel's spinner medium from 8 to 20 hrs postinfection. RNA was phenol-extracted (2) from the cytoplasm and purified by polyacrylamide gel electrophoresis under denaturing conditions as previously described (2,9). 5' and 3' end-labeling of VAI-RNA. For 5' end-labeling 1 ug of VAI-RNA was dephosphorylated in 100 mM Tris-HCl pH 7.9 with 0.9 U of calf intestinal alkaline phosphatase (Boehringer) at 37"C for 60 min whereupon the RNA was extracted with phenol. The aqueous phase was extracted 3 times with ether and the RNA precipitated with ethanol. RNA was 5' end-labeled with 25-50 uCi of Y-32 P -ATP (New England Nuclear 2,000 Ci/mmol) for 60 min at 37"C in 25 ul of 50 mM Tris-HCl pH 7.6, 10 mM MgCl 2 , 5 mM DTT, 0.1 nM EDTA and 0.5 I) of polynucleotide kinase.
For 3' end-labelling 1 ug of VAI-RNA was ligated directly to 5' 32 P -pCp using T4-RNA ligase following a published procedure (10) . An equal volume of an urea-dyes-EDTA solution (10 M urea, 10 mM EDTA, 0.05% xylene cyanol, 0.05% bromphenol blue) was added to the reaction mixtures and the end-labeled RNA was purified by electrophoresis on a denaturing 14% polyacrylamide " 7 M urea gel (11) . The radioactive VAI-RNA band detected by autoradiography was exised and the RNA eluted. Total and partial digestion of 32 P-VAI-RNA with Ti RNase For total digestion 32 P-VAI-RNA (around 60.000 cpm) was mixed with 10 ug carrier tRNA and digested at 37"C for 30 min with 1U T] RNase in a final volume of 10 to 20 ul of 10 nft Tris-HCl, pH 7.5, 1 uM EDTA. Limited digestion was carried out in 3xSSC buffer (lxSSC = 0.15M NaCl, 0.015M Na-citrate) at O' C for 30 min at an enzyme concentration of 0.1 U/u.g of RNA.
Analyses of Ti-oligonucleotides on Sephadex G-100 T]-digested samples were adjusted to a final concentration of 0.2 m NaCl, 0.5? SDS, 1 mM EDTA, 50 mM Tris-HCl pH 7.5 and applied to a 1x70 cm Sephadex G-100 column, equilibrated and eluted with the same buffer. Peak fractions were pooled and precipitated with 2-3 volumes of ethanol. After centrifugation the remaining pellet was dissolved in d i s t i l l e d water. Peak fractions collected after limited T-| digestion were digested to completion in low salt buffer with the same enzyme before analysis. The oligonucleotides were separated by electrophoresis on cellulose acetate in the f i r s t dimension followed by homochromatography on DEAE cellulose in the second (1, 9) . Preparation and analysis of partial Sl-nuclease digestion products Digestions with the single-strand specific enzyme SI were performed in 10 u.1 volumes containing 280 mM NaCl, 4 mM ZnS04 and 30 mM Na-acetate, pH 4.5 at enzyme to substrate ratios of 0.1 to 0.5 units/ug carrier tRNA. Reactions were incubated for 60 min at 42"C and stopped with 10 ul SI stop solution (10 M urea, 20 nM EDTA, 1 ug/ul tRNA carrier, 0.05% xenol (XC) 0.05% bromphenol blue (BFB)). The digestion products were then separated by electrophoresis on a 15% denaturing urea polyacrylamide gel (11) . The radioactive bands were eluted with 10 mM Tris-HCl 7.5, 1 mM EDTA and digested to completion with Tl-RNase. The oligonucleotides were separated as described above and identified by autoradiography. Computer predictions of secondary structure
Computer generated secondary structure models of VAI-RNA were obtained u t il i z i n g the computer programs developed and described by Akusjarvi et a l . (8) and Studnicka et a l . (12) based on the energy values of Tinoco et a l . (13) .
RESULTS
Secondary structures of VAI-RNA by computer analysis Computergenerated predictions of the secondary structure of VAI-RNA imply the presence of a high degree of secondary structure ( Fig. 1A and B) . Both two structures contain a GC-rich hairpin stem ( I and I I ) with a central loop B and in addition four loops (A.Bj.C, and D) which bulge out from the hairpin. A calculation of the free energy of the two predicted structures yields -109 kcal/mol (Fig. 1A) and -104.7 kcal/mol (Fig. IB) respectively. (8, 12, 13) .
Total and partial Tl-digestion of VAI-RNA.
32p-iabeled VAI-RNA was subjected to total and partial Tl-nuclease digestion in low and high salt buffers as described in the Materials and Methods section. The digests were separated by gel f i l t r a t i o n on Sephadex G-100. Fig. 2A shows the elution profile in a typical experiment. Peaks a and 3 originated from the Tl-digestion in low salt whereas peaks y and 6 are from Tl-digestion in high salt. Both elution profiles are obviously similar. This is unexpected since complete digestion with Tl-RNase should yield oligonucleotides in the range from 1-10 bases eluting in the column volume unless there is considerable secondary structure. The peak fractions were therefore characterized further by two-dimensional Tl-fingerprint analysis (Fig. 2B ,C and 0). The peak fractionsy and 6 were f i r s t digested to completion with RNase Tl in low salt allowing a direct comparison. In both cases sequences forming the bulges (A,C and D) and the central loop (B) are not present in the peaks a and y (Fig. 2B) . The spots representing the sequences AUAAAUUCG at positions 25-33, UUACCG at position 101-106 and
Computer generated secondary structure models of VAI-RNA, u t i l i z i n g the computer programs developed and described by Akusjarvi et a l . (8) model of the secondary structure of VAI-RNA, based upon this experimental result is shown in Fig. 3 which yields a free energy of -58.4 kcal. A comparison with the computer generated conformations (Fig. 1) suggests that the double-stranded hairpin stem structure is stable. However in solution the sequences in the loops may undergo conformational changes at positions 20-40 (loop A) and 90-135 (loops C and D). Partial SI digestion of VAI-RNA In order to identify the preferential cleavage sites for S I -nuclease, homogenous 32 P-labelled VAI-RNA was digested with different concentrations Fig. 3 . Secondary structure model of ,1,, VAI-RNA based on the experimental r5 ' results reported in Fig. 2A-D . The structure shows a hairpin stem ( I and I I ) with a central loop B and three bulge loops A,C and D. -*~ indicates preferential Sl-nuclease cleavage sites.
of SI nuclease as described in the Materials and Methods section. The products were analyzed on polyacrylamide gels under denaturing conditions. The prevalent cleavage products were eluted and subjected to Tl-fingerprint analysis. Fig. 4 shows the gel pattern observed. The Tl fingerprint analysis established that band 1 contained the oligonucleotides from positions 1-23 suggesting a preferential SI site at around position 25 as predicted from the structure (Fig. 3) . Band 2, estimated to be around 35-40 bases, contained oligonucleotides from a 70 nucleotides long region, positions 90-160, suggesting that this band was heterogenous. Since at least two bands are present the results may indicate that there is a preferential Sl-site around residue 125. When large fragments were analyzed to avoid contamination conclusive results were obtained. RNA in band 5 was estimated to be 100 bases long and contained a l l Tl spots from positions 1-100. Thus an SI-sensitive region is probably located beyond position 100. RNA in band 6 was around 120 bases long and contained sequences from positions 31-151, 
DISCUSSION
In the present communication we have attempted to deduce the secondary structure of VAI-RNA in solution by partial cleavage with Tl-RNase and Sl-endonuclease and analyzing the products by gel electrophoresis and Tl-fingerprint analysis. Similar techniques have been used to study the secondary structure of other small RNAs from eucaryotic cells like the Ul and U5 RNAs (14, 15) . A direct comparison with secondary structures of VAI-RNA generated by computer analysis reveals that the empirical structure is similar but not identical. At least one bulge loop Bl from positions 73-79 deduced from the computer analysis could not be observed after partial enzyme digestion. The free energy of the empirical structure (Fig. 3) is significantly lower (13) than that calculated from the computer derived models (8, 12, 13) .
It is noteworthy that the stem structures of VAI-RNA are sufficiently stable to resist Tl-RNase digestion even at low salt conditions (Fig. 2) suggesting a stable base pairing in the two stems. It is therefore unlikely that the VAI-RNA is present in a single-stranded form in the infected cell unless specific proteins can uncoil the RNA structure. The majority of the VAI-RNA is recovered from the cytoplasm of infected cells with only trace amount in the nucleus (2, 16) and no direct evidence for association of VAI-RNA with proteins has been presented. The fact that autoantibodies from humans with preferential specificity against nuclear nucleoproteins (17) coprecipitate VAI-RNA, may however suggest that cellular proteins associate with VAI-RNA in the nucleus.lt has been suggested that VAI-RNA may serve as a linker of distant RNA sequences at the splicing reaction based on hybridization of VAI-RNA to a cDNA clone of the adenovirus fiber mRNA (18) . These results have however not yet been confirmed. The role of VAI-RNA in splicing is therefore s t i l l not resolved and direct attempts to identify VAI-RNA in heterogenous nuclear protein particles have failed (16 and unpublished).
The structure of VAI-RNA with a free energy of around -60 kcal is comparable to several other polymerase I I I products like the species of tRNA where the secondary structure has been c l a r i f i e d (19) . The structure deduced for nuclear Ul RNA of comparable size also yield a free energy of around -50 kcal (14) . On the other hand Ul RNA contains an overmethylated cap structure at the 5'-terminus not present in VAI-RNA and Ul RNA is not transcribed by polymerase I I I (20) . Partial internal sequence homology between several polymerase I I I products from eucaryotic cells including VAI-RNA (21, 22) suggests that an internal promoter recognition site is required for i n i t i a t i o n of transcription (22) . Since several of the p o l I I I 
